BACKGROUND: Several forms of indirect cerebral revascularization have been proposed to promote neovascularity to the ischemic brain. OBJECTIVE: To present clinical and angiographic outcomes of indirect revascularization by encephaloduroarteriosynangiosis and burr holes for the treatment of Moyamoya disease in adults and children. METHODS: Data from 63 hemispheres treated in 42 patients (average age, 30 years; 33 adults; 30 female patients; median follow-up, 14 months) were reviewed. In hemispheres with preoperative and postoperative (6-to 12-month) angiograms available, superficial temporal artery (STA) and middle meningeal artery (MMA) diameters were measured. Preoperative and postoperative corrected arterial sizes were compared. RESULTS: Seven patients (17%) had transient ischemic attacks that resolved within 1 month of surgery. No patients suffered moyamoya-related hemorrhage after treatment. Two patients developed additional symptoms many years after surgery. In 18 hemispheres with preoperative and postoperative angiograms, there was an average postoperative increase in STA and MMA diameters of 51% (P = .003) and 49% (P = .002), respectively. Both children and adults displayed revascularization. Two patients did not demonstrate increased vessel size. STA blush and new branches and MMA blush and new branches were identified in 12, 14, 14, and 16 hemispheres, respectively. Angiographic blush was identified in 59% of frontal and 19% of parietal burr holes (P = .03). Surgical complications included 2 subdural hemorrhages requiring evacuation and 2 new ischemic deficits (1 transient). CONCLUSION: Indirect revascularization by encephaloduroarteriosynangiosis and burr holes for moyamoya results in long-term resolution of ischemic and hemorrhagic manifestations in 95% of adults and children. The MMA appears to contribute significantly to the revascularization on follow-up angiograms with increased size and neovascularity comparable to that of the STA. Angiographically, parietal burr holes do not contribute as significantly as frontal burr holes.
S
ince the first reports of abnormal angiograms with hypoplasia of bilateral carotid arteries by Takeuchi and Shimizu 1 in 1957 and subsequent naming and further characterization of this abnormality as moyamoya disease (MMD) by Suzuki and Takaku 2 in 1969, many methods have been proposed for improving cerebral blood flow in these patients. 3 Although direct revascularization by bypass from extracranial carotid branches to intracranial arteries (such as the superficial temporal artery-to-middle cerebral artery [STA-MCA] bypass) with or without concurrent indirect revascularization [4] [5] [6] [7] [8] [9] [10] [11] [12] can be effective in some cases, it can prove unfeasible or controversial in some patients for various reasons.
Several forms of indirect cerebral revascularization have been proposed to promote neovascularity to the ischemic brain. 3 Although some such as encephalomyosynangiosis and omental transposition are now rarely used, encephaloduroarteriosynangiosis (EDAS), encephaloduroarteriomyosynangiosis, and multiple cranial burr holes with encephalodurosynangiosis are all widely used in treating this rare disease in patients for whom direct bypass is unfeasible or controversial. 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] MMD is a rare disease, and most clinical series in the literature are relatively small, the largest series generally coming from Japan and Korea. 4, 8, [10] [11] [12] [13] [16] [17] [18] [26] [27] [28] [29] [30] [31] [32] [33] Additionally, the majority of larger series assessing its treatment tend to be primarily in the pediatric population. 4, 6, [8] [9] [10] [11] [12] [13] 16, [20] [21] [22] [23] [24] [27] [28] [29] [30] [31] 33 Although several studies show good outcomes with early indirect revascularization in children, it has been suggested that the new blood vessel growth that is required in indirect revascularization is less robust in adults. 32 Here, we present a US series of patients treated by a single surgeon using EDAS and multiple burr holes for indirect revascularization in both children and adults with MMD.
Furthermore, the angiographic changes that occur after indirect revascularization have been described in mostly qualitative and gross terms in most studies. 11, 13, 14, 27, 33, 34 A quantitative assessment of the angiographic changes could lead to a better understanding of the mechanism by which these procedures improve cerebral blood flow and help refine future treatments. Therefore, in a subset of these patients, we present an analysis of the angiographic changes that occur after surgery with a focus on the observed changes of the STA, middle meningeal artery (MMA), and burr holes.
METHODS

Patients Included
All patients treated for MMD by the senior author (N.A.M.) at the UCLA Medical Center were identified. Clinical and imaging records were reviewed retrospectively. Over a 22-year period, 50 patients were treated for MMD in 78 procedures. Of these patients, 5 were treated before computerized medical charting, and all their medical records had been purged. An additional 3 patients had only direct bypass treatment. This left 42 patients who underwent EDAS with or without burr holes for treatment. In these 42 patients, 63 hemispheres were treated (21 patients underwent bilateral EDAS). In those sides treated with EDAS, 58 also had 1 or more burr holes with duro-pial synangiosis. Two patients underwent occipital artery EDAS ipsilateral to STA EDAS. Four of the patients treated with only unilateral EDAS underwent direct STA-MCA bypass on the contralateral hemisphere. Additionally, 4 patients with unilateral EDAS had 1 or more burr holes placed on the contralateral side, with less severe, asymptomatic MMD, at the same operation. These hemispheres treated by only bypass or burr holes are not included in the total of 63 treated hemispheres. Therefore, although only 50% of patients underwent bilateral EDAS, a total of 69% of patients underwent some form of bilateral treatment.
The series included 9 pediatric patients with 17 treated hemispheres and 33 adult patients with 46 treated hemispheres. The average age of patients treated by EDAS was 30 years (range, 4-57 years), and there were 30 female and 12 male patients. Twenty (48%) patients were of Asian descent. Median hospital stay was 5 days. Median follow-up was 14 months (range, 0-211 months; Table 1) . A subset of patients with short clinical follow-up were contacted and asked to answer a questionnaire about any MMD-related symptoms or treatment since their last follow-up at UCLA. The UCLA Institutional Review Board approved this retrospective study.
Preoperative Evaluation
Adult and pediatric patients presenting with an angiogram and symptoms consistent with MMD (transient ischemic attacks [TIAs] , cerebral infarction, and/or hemorrhage) were all considered for treatment by indirect revascularization. All patients presenting with such symptoms receive both brain magnetic resonance imaging (MRI) and cerebral angiography, including external carotid artery injections. MRI perfusion studies and single photon emission computed tomography were not used routinely. Rarely, incidentally discovered MMD, diagnosed after screening patients with a symptomatic sibling, was also considered for treatment.
In general, all patients with symptomatic MMD are considered for indirect revascularization procedures. Only asymptomatic patients with mild disease on angiogram are followed up without treatment. However, because the natural history and predictive value of MRI and angiograms are imprecise, treatment is recommended for most patients. Although we now rarely perform direct bypass for MMD, bypass is considered in adult patients who have a crescendo pattern of TIAs that may benefit from immediate revascularization. Bypass is considered only if an angiogram can demonstrate that the branches of the MCA are interconnected. If the moyamoya occlusion includes the proximal MCA, it may isolate branches and direct bypass would be effective only in revascularizing 1 vascular territory.
Intraoperative Monitoring, Anesthetic Considerations, and Surgical Technique
Intraoperative electroencephalographic monitoring is used in all cases of indirect revascularization to monitor for changes that can be associated with hypotensive episodes during anesthesia. The anesthesia team is instructed to keep strict control of the blood pressure to avoid hypotension. Generally, the systolic blood pressure is kept above 120 mm Hg, in the 120-to 140-mm Hg range, throughout the operation. Higher limits may be set in patients who are typically hypertensive preoperatively. Anesthesia is also instructed to avoid hyperventilation given the risk of vasoconstriction induced by hypocapnia. Additionally, in pediatric patients, special care should be taken to provide adequate perioperative analgesia to avoid crying in the early postoperative period, which can cause hyperventilation. Because there is no temporary occlusion of any intracranial blood vessels (as there would be in a bypass procedure), we do not use systemic hypothermia or barbiturate neuroprotection during indirect revascularization procedures. The general technique used for the EDAS is similar to that described previously in the literature. 25 After the STA is identified and dissected out of the scalp, leaving a cuff of adventitia, a craniotomy is performed. The underlying dura is opened in a cruciate fashion. As the series has progressed and the importance of the MMA to neovascularization has been recognized, attempts have been made to construct the dural opening in a manner that preserves as many of the MMA branches as possible. The 2 layers of dura are also gently pealed apart, removing as much of the avascular inner layer as possible, thus more directly approximating the vascular outer layer of dura to the underlying brain. The underlying arachnoid is widely opened with the surgical microscope. Although the arachnoid is wide open, the STA is not sutured to the pia as has been described as pial synangiosis by Adelson and Scott 21 and Scott et al. 22 The STA adventitia is then sutured to the edges of the dura before the bone flap is replaced. Meticulous hemostasis of the arachnoid, dura, STA adventitia, and scalp before closure is imperative. Given that many patients are on aspirin preoperatively, there is considerable dural dissection, and if the dura is left open, even small amounts of bleeding can accumulate in the subdural space, causing a postoperative subdural hematoma.
Additional burr holes are made in most patients to create further encephalodurosynangiosis. Multiple burr holes, typically one each in the frontal and parietal regions, are made, and the dura is opened in a cruciate fashion. The underlying arachnoid is opened microscopically. For closure of the burr holes, titanium plates that completely cover the burr hole are not recommended because both dural and scalp vessels appear to contribute to the intracranial circulation postoperatively. Either the burr hole is left open without a plate, or 1 or 2 linear plates are used as a bridge to support the scalp and thus prevent cosmetic deformity while allowing room for new vessel growth from the scalp. The scalp is then closed over the burr hole in the usual fashion.
Angiographic Analysis
In 18 treated hemispheres for which both preoperative and 6-to 12-month postoperative angiograms were available for review, angiographic results were analyzed. In preoperative angiograms, the general pattern of MMD-related obstruction, Suzuki grade, 35 and degree of leptomeningeal collateralization were noted. Additionally, digital calipers were used to make measurements of the following structures on the lateral angiographic projection: the width of the proximal STA just distal to the bifurcation, the width of the STA at its midpoint between the bifurcation and the convexity, and the width of the MMA in its largest intracranial portion, just distal to foramen spinosum. The anteriorposterior dimension of the sella turcica was measured and used to correct for the effect of magnification in the angiographic images ( Figure 1) .
The postoperative angiogram, 6 to 12 months after the procedure, was examined for any change in the MMD obstruction, Suzuki grade, and degree of leptomeningeal collateralization. The same anatomic structures (sella, STA, MMA) were measured with the digital calipers at the same locations as on the preoperative angiogram. The STA, MMA, and burr holes were also examined for the presence of vascular blush, neovascularity, and spontaneous anastomoses to intracranial vessels.
Caliper measurements on preoperative and postoperative angiograms were performed by 2 independent observers. The average of the 2 measurements was used for subsequent calculations. The values obtained were tested for test-retest correlation as described below.
Statistical Analysis of Angiographic Measurements
For each blood vessel measured on preoperative and postoperative angiograms, the ratio of vessel to sella turcica was calculated to normalize the measurements to a fixed structure (sella turcica), accounting for differences in magnification between angiograms. The preoperative and postoperative ratios were compared to determine the degree and direction of change in vessel size. A paired-samples Student t test was used to compare the average preoperative and postoperative vessel size for each vessel. Test-retest consistency of measurements and correlation between age and change in vessel size was evaluated by performing Spearman correlations between the 2 sets of measurements. Comparison of clinical and angiographic (Matsushima grade) outcomes between adult and pediatric patients was made by a Fisher exact test.
RESULTS
Clinical Presentation
The most common presentation of MMD in this series was presence of symptoms related to cerebral ischemia, including both TIAs and prior infarction ( Table 2 ). In total, 31 of 42 patients (74%) had just ischemic symptoms. Six (14%) presented with spontaneous intraparenchymal or subarachnoid FIGURE 1. The measurements of the superficial temporal artery (STA) and middle meningeal artery (MMA) were normalized to a fixed bony landmark, the anteroposterior extent of the sella turcica, to account for differences in magnification and allow comparison of preoperative and postoperative angiograms.
hemorrhage. Two patients presented with both ischemic and hemorrhagic symptoms. Of 31 patients who presented with symptoms of cerebral ischemia, 8 (26%) had TIAs without clear evidence of infarction and 23 (74%) had a cerebral infarction. Spontaneous intracranial hemorrhage was more common in adult patients (18%) compared with pediatric patients (0%). No patients presented with cognitive delay.
Three patients (7%) presented incidentally. Two of these patients were asymptomatic but were worked up after their siblings were diagnosed with MMD, and 1 patient was found to have past silent infarctions. One patient presented with only headaches.
Clinical Results
Within the follow-up period, all patients' new ischemic symptoms ceased by the end of the first postoperative month. Seven patients (17%) had 1 or more mild TIAs in the first month after surgery. One 43-year-old female patient who initially underwent an EDAS, occipital EDAS, and burr hole initially improved but 4 years later developed TIAs of increasing frequency. This patient subsequently underwent further burr holes for revascularization. One 15-year-old male patient, after bilateral EDAS, had an initial improvement with no further ischemia. However, after 14 years, he developed progressive memory and cognitive dysfunction caused by left hemisphere ischemia. He has subsequently returned for multiple burr holes on the left to augment the EDAS. Both patients have done well without further ischemia after retreatment. Therefore, 40 of 42 patients (95%) treated by EDAS had good long-term control of MMD-related symptoms during the follow-up period. No patients have suffered further MMD-related hemorrhage or infarction in the follow-up period.
Only 8 patients had long-term follow-up of at least 3 years after surgery. Of these 8, 2 patients, discussed above, had late return of ischemic symptoms 4 and 14 years after surgery, requiring further treatment. Therefore, of those patients with long-term follow-up ($ 3 years), 75% had good long-term response without return of moyamoya symptomatology after indirect revascularization.
Three patients had surgical damage to the STA during dissection and craniotomy. In 2 cases, another branch of the STA was used, and in 1 case, a primary repair of the artery was performed. These examples of STA injury did not negatively affect the clinical outcome; all 3 patients had a good outcome without any new ischemic or hemorrhagic symptoms on the last follow-up (follow-up range, 7-69 months).
Angiographic Results
Preoperative and postoperative angiograms were available for comparison for 18 hemispheres in 13 patients. There was a significant postoperative increase in average STA and MMA diameters ( Table 3 ). The proximal STA enlarged by an average of 51% (P = .003). The STA at its midpoint enlarged by an average of 48% (P = .003). The MMA enlarged by an average of 49% (P = .002). There was no significant difference in the average degree of enlargement between vessels, proximal STA vs STA midpoint vs MMA (P . .7 for all comparisons).
Only 2 patients demonstrated a decrease in vessel size after surgery. Both patients had prior evidence of infarction but with only mild to moderate moyamoya collateral formation (Suzuki grade 2). One of these patients had a small posterior branch of the STA that increased dramatically in size (178%) while the larger, primary branch decreased slightly in caliber (217%). Both patients have long-term follow-up and have done well without evidence of new ischemic events postoperatively. The 1 patient mentioned above who had delayed TIAs after treatment demonstrated enlargement of both the STA and MMA on postoperative angiogram (proximal STA, 41%; STA midpoint, 16%; and MMA, 48%).
The diameter of the STA at its midportion increased the least in patients with Suzuki grade 2 disease preoperatively, with an average of only 23% (compared with 69% for all others; P = .05). The diameter of the STA at its midportion increased by 62% on average for grade 1 and by 75.5% on average for grade 3. None of the other comparisons between grades or for the MMA were significantly different. Because pediatric patients are still growing, we considered whether normal growth of the head and skull could explain the increase in vessel size demonstrated by these measurements. Because vessels sizes were presented not as absolute measurements but rather as a ratio of vessel size to a fixed bony landmark, the anteroposterior dimension of the sella turcica, the measurements were at least partially controlled for by this method. Of the 18 hemispheres for which preoperative and postoperative angiographic analyses were done, 8 were in children (, 18 years of age). Of these, 5 patients were . 10 years of age. Growth of the head is most rapid in the very early years of life. Between 10 and 18 years of age, the increase in head circumference averages , 6%, 36 an average of , 1% a year. In those 5 hemispheres in patients 10 to 18 years of age, the increase in vessel diameter of the proximal STA and MMA averaged 94% and 76%, respectively. Considering just the 3 hemispheres in children , 10 years of age, the increase in vessel diameters averaged 51% and 63%, respectively. These patients were 7 and 4 years of age. Yearly growth of head circumference at these ages averages about 1% a year. 36 Therefore, given that all follow-up angiograms were performed between 6 and 12 months after surgery, the large majority of vessel growth observed in these patients cannot be explained by normal growth and can be attributed to the surgical procedure and the increased vascular demand placed on the external carotid circulation by the brain.
Regarding evidence of direct revascularization, an angiographic blush was identified as associated with the STA in 12 (67%) and with the MMA in 14 (78%) hemispheres. Likewise, new branches connecting to cerebral arteries not previously visible were visible from the STA in 14 (78%) and from the MMA in 16 (89%). An average of 3 newly visible branches from the STA to the intracranial circulation were visible in each hemisphere.
Angiographic blush into the cerebral territory from burr holes was visible in 59% of frontal and 19% of parietal burr holes, a statistically significant difference (P =.03). New or dilated branches supplying these burr holes were seen from both STA and MMA branches.
Comparison of Pediatric and Adult Cases
Clinically, both pediatric and adult patients appeared to benefit from indirect revascularization. Overall, 97% (32 of 33) of adults ($ 18 years of age) and 89% (8 of 9) of pediatric patients had a good response to EDAS without new ischemic symptoms 1 month postoperatively (n = 42, P = .39). Additionally, comparing only adult and pediatric patients presenting with ischemic symptoms and at least 1 year of follow-up showed that 91% (10 of 11) of adults and 80% (4 of 5) of children had a good response to indirect revascularization (n = 16, P = 1.0; Table 4 ). The oldest patients had a good response to treatment. All 3 patients $ 50 years of age remained symptom free at the last follow-up.
Angiographic comparison of pediatric (, 18 years of age) and adult ($ 18 years of age) patients revealed a tendency toward a greater increase in the diameter of the STA and MMA in younger patients (Table 5 and Figures 2 through 4) . The proximal STA and MMA increased by an average of 78% and 71% in pediatric cases, respectively, compared with 34.5% and 39% in adults (P = .12 and P = .32). Using the Matsushima grading scale for revascularization, 29 we graded angiographic results as grade A (synangiosis-induced filling of more than two-thirds of the MCA circulation), grade B (between one-third and two-thirds filling), or grade C (less than one-third filling). Grades A, B, and C occurred in 62.5%, 37.5%, and 0% of children and in 50%, 40%, and 10% in adults, respectively. There was a weak negative correlation between age and percent change in both vessels (Spearman r = 20.314, P = .2 and r = 20.172, P = .5, respectively; Figure 4) . Because of the small sample size, these differences did not reach statistical significance. Despite this difference in vessel diameter, there was no significant difference in either the appearance of new STA and MMA angiographic blush or the average number of new visible anastamoses to the intracranial circulation (Table 6) . Likewise, the large majority of both pediatric (89%; 8 of 9 patients) and adult (97%; 32 of 33 patients) patients had resolution of their symptoms without further TIAs, infarction, or hemorrhage during follow-up (P = .39).
Complications
Surgical complications occurred in 6 procedures (9.5%), mostly minor (Table 7) . Two patients had postoperative subdural hemorrhage requiring evacuation. Two patients had small perioperative cerebral infarctions. One resulted in slight worsening of preexisting hemiparesis. The other occurred with postoperative hypotension and led to a transient worsening of the patient's preoperative aphasia and hemiparesis. The patient's symptoms returned to baseline before discharge. One patient had a wound infection that required washout. One patient had a small dehiscence of the frontal burr hole wound requiring closure.
DISCUSSION Direct Vs Indirect Revascularization for Treatment of MMD
The primary goal of treatment for patients with MMD is to improve blood flow to the brain and, in so doing, to reduce the risk for future ischemic injury. Furthermore, relieving the hemodynamic FIGURE 2. A 7-year-old boy who presented with episodic leg weakness and falls. A, preoperative internal carotid artery angiogram reveals tight middle and anterior cerebral artery stenosis with moyamoya collaterals. B, preoperative external carotid artery injection. C, early arterial-phase postoperative external carotid artery injection 12 months after encephaloduroarteriosynangiosis. Frontal and parietal burr holes reveal angiographic blush and neovascularity associated with both the superficial temporal artery (STA) and middle meningeal artery (MMA). The proximal STA increased in size by 74%; the MMA increased by 108%. Note the new vessel growth and/or dilated collaterals supplying the frontal and parietal burr holes from both STA and MMA branches. D, late arterial phase of postoperative ECA injection. Note the extensive intracranial collaterals and blush associated with the frontal and parietal burr holes and the craniotomy site in the middle cerebral artery distribution.
stress on the moyamoya vessels at the base of the brain may reduce the risk for future hemorrhage from these abnormal vessels. Both direct revascularization by arterial bypass and indirect revascularization methods (EDAS, burr holes, etc) have been shown to be of benefit in the treatment of MMD. 3, [5] [6] [7] 9, 13, 17, 24, 28, 29, 37 There is some controversy regarding the use of direct bypass vs indirect revascularization techniques in the treatment of MMD. Although some authors have noted an advantage to direct bypass and advocated its use whenever possible, 5, 7, 11, 29 the limitations of such an approach in many patients have been noted. 3, 13, 17, 24, 38 In young pediatric patients, the brain blood vessels may not be of adequate size for bypass. Additionally, in adult patients with more advanced disease, a suitable recipient artery may be difficult to find because the larger distal MCA branches may be miniscule. It has also been suggested that sectioning of the STA may compromise existing, spontaneous extracranial-to-intracranial anastomoses. Additionally, temporary clipping of the MCA may impair blood flow to the already compromised brain and increase the risk for perioperative infarction. STA-MCA bypass only revascularizes the MCA distribution, whereas burr holes and other combined indirect revascularization approaches may provide circulation to a wider area of brain. Another theoretical concern is borne out by the bypass literature for nonmoyamoya cerebrovascular occlusive disease. Bypass to the MCA in patients with tight MCA stenosis caused by intracranial atherosclerosis can prompt further occlusion and thrombosis of the stenotic MCA segment, occasionally causing infarction resulting from obstruction of perforator arteries. 39, 40 Although this represents a underlying pathology different from MMD, perhaps with more thrombogenic potential as a result of the presence of atherosclerotic plaque, the impact of this phenomenon on patients with tight MCA stenosis caused by MMD is unknown. Despite these concerns, there is no general consensus of the superiority of either direct or indirect revascularization for MMD. 41 The majority of large series of treatment for MMD have been in primarily pediatric populations. Although some of the findings of these studies may be generalized to treatment of adult patients, there may be differences. Some authors such as Mizoi et al 32 have questioned the ability of adult patients to develop neovascularization compared with pediatric patients, who may have more plasticity. This would imply that direct bypass may be better suited to adult patients. However, direct bypass in adult patients with longstanding MMD may be problematic for the reasons discussed above. Although this belief that adult patients may have less ability to form new blood vessels may seem intuitively true, this assertion has not been adequately tested.
In our series of both adult and pediatric patients, we have not found age to be a significant factor in surgical results and clinical outcome. Almost all patients treated by indirect revascularization, regardless of age, improved with resolution of their ischemic episodes on long-term follow-up. Additionally, no patients had MMD-related hemorrhage after treatment. This suggests that adult patients develop enough new circulation to relieve ischemia and to reduce the hemodynamic stress on the abnormal moyamoya vessels significantly. Although we found a negative correlation between age and the degree of vessel enlargement for both the STA and MMA, these correlations were weak and were not of statistical significance (Figure 4 ). There appears to be a wide range of angiographic response in both younger and older patients, and the average adult patient did have a significant increase in vessel caliber compared with the preoperative condition. These findings are consistent with the results of the most recent series of adult patients treated by EDAS in which there was a 94% infarctionfree survival rate in the treated hemispheres. 42 
Angiographic Patterns of Indirect Revascularization
Angiographic neovascularity after indirect revascularization procedures has been demonstrated in the literature. In particular, new STA and MMA branches have been demonstrated that supply the intracranial blood vessels or even form spontaneous direct anastomoses with large intracranial branches. 11, 13, 14, 22, 26, 33, 34, 37, 38 However, most of these studies have reported these findings qualitatively and have not attempted to quantify this change. 13 The degree 33 measured the size of the STA and MMA preoperatively and postoperatively in 27 pediatric cases treated with EDAS and showed some increase in size after indirect revascularization. However, the authors used the ratio to the stem of the same artery rather than a constant bony landmark for normalization. This method for correction of magnification between angiograms may have underestimated the magnitude of arterial change.
In our series, in the subset of patients for whom preoperative and postoperative angiograms were available for retrospective analysis, we used a fixed bony landmark, the anteroposterior extent of the sella turcica, to normalize the vessel measurements. By calculating the arterial-to-sellar ratio, we can compare preoperative and postoperative vessel sizes, correcting for change in angiographic technique, projection, and magnification. With this technique, the large majority of patients demonstrate a significant increase in vessel size postoperatively. Although some of this change may be due to the physical act of dissecting the artery out of the scalp and its adventitial coverings, part of the change in the STA may be accounted for by hemodynamic alterations secondary to increased demand. However, the MMA, which is not dissected and remains in its fixed dural and bony environment at the skull base, also demonstrated marked increase in size, likely as a result of the increased flow to new intracranial branches. Although the degree of increase in vessel diameter tended to be greater in pediatric patients than adults, the appearance of angiographic blush, new branches to the intracranial circulation, and clinical outcome was similar for all ages.
The finding that MMA contributes considerably to intracranial blood flow suggests changes that may improve these procedures. In particular, protection of the MMA branches at the time of surgery, particularly in planning the dural opening, may maximize the ability of the dural vessels to revascularize the underlying brain. As this series has progressed, we have made an attempt to plan the durotomy in such a way as to preserve the major dural arteries.
Few prior studies have evaluated the angiographic results of burr holes. 24 We observed more visible vascular blush, from STA and/or MMA branches, at frontal burr hole locations than parietal, and this was statistically significant despite the small number of patients with angiograms for comparison. The etiology and clinical implication of this finding are not known. However, it is possible that although the frontal region generally has poor irrigation, the parietal region has better native collaterals from the posterior circulation, which is typically not as affected by MMD than the anterior circulation. Therefore, there may be less call for new collaterals in the more posterior regions in most patients.
CONCLUSION
In this series of EDAS with arachnoid opening and burr holes for the treatment of MMD-related symptoms, the large majority of patients did not have new symptomatology on long-term follow-up. Only 2 patients (1 pediatric and 1 adult) experienced a return of ischemic symptoms many years after treatment. Therefore, it appears that this treatment is very effective at preventing further ischemia and hemorrhage in most patients, although long-term follow-up and additional treatment may be required in a small subset of patients. Although the degree of enlargement of the STA and MMA tended to be greater in pediatric patients, neovascularity was observed in most patients, and clinical results were excellent for both. Even patients who did not demonstrate marked neovascularity or increase in vessel size on postoperative angiogram improved clinically. Therefore, we believe that the outcomes of these procedures are best evaluated clinically rather than only angiographically.
The finding that the MMA appears to significantly contribute to new blood vessel formation suggests that care should be taken to preserve MMA branches, particularly during dural opening.
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